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AIRFOIL SELECTION FOR MARS ROTOR APPLICATIONS

Witold J. F. Koning*

Ames Research Center

INTRODUCTION

This paper provides an overview of design considerations for airfoil choices with rotor
applications in the Martian atmosphere, at very low chord-based Reynolds number flows, around
Re. = O (10°-10%. The low Reynolds number typical of rotorcraft operation in the Martian
atmosphere reduces the rotor lifting force and efficiency, which is only partially compensated for
by a lower gravity on Mars compared to Earth. Additionally, the low temperature and largely
COy-based atmosphere of Mars compound the overall aerodynamic problem by resulting in a
lower speed of sound, further constraining rotor operation in the Martian atmosphere by limiting
the maximum rotor tip speed possible so as not to exceed an acceptable tip Mach number.

In light of the expected reduced rotor efficiency, evaluation of airfoils for compressible, low-
Reynolds-number Mars rotor applications is key. Prior research on airfoil optimization and
performance evaluation at low Reynolds numbers, especially in the compressible regime, is
scarce and further investigation is needed. Specifically, the proposed goal stemming from this
overview is to develop airfoils tailored to the unique demands of the second generation of Mars
rotorcraft, i.e. the Mars Science Helicopter (MSH).

This research focuses on the airfoil performance at low Reynolds numbers and hopes to add to
the work performed by Kroo et al.," Kunz and Kroo,> Oyama and Fuijii,® Anyoji et al.,*® and
others.

LOW-REYNOLDS-NUMBER AIRFOIL PERFORMANCE

McMasters and Henderson’ provide a summary of attainable airfoil lift-to-drag ratios over a
wide Reynolds number range in Figure 1. Results are collected from a wide variety of
experiments, mostly with conventional airfoil geometries.

At the Reynolds number range under consideration, Re. = O (10°-10%), the boundary layer can be
fully laminar up to the point of separation without subsequent (turbulent) flow reattachment or
on-body transition.

! Science and Technology Corporation, NASA Research Park, Moffett Field, CA 94035.
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Figure 2. Minimum section drag coefficient versus Reynolds number.’

The Reynolds number effect on the minimum airfoil drag coefficient is presented in Figure 2.
The flow state in absence of laminar-to-turbulent transition is called subcritical and derives its
relatively low efficiency because of (a) the increased pressure drag component from early
separation, and (b), to lesser extent, reduced lift due to an effective camber reduction.

The Reynolds number at which laminar flow over an airfoil begins to exhibit turbulent features
(either due to on-body transition or turbulent reattachment) is called the critical Reynolds
number. Reynolds numbers where turbulent transition always occurs before laminar separation,
or during/after reattachment, are referred to as supercritical.

Finally, compressible flow—versus incompressible airfoil flow—is not well understood for low-
Reynolds-number airfoils. Limited experimental and computational work in the literature—and
performed previously by the author®—suggests that conventional airfoil geometries exhibit
Mach-nlirg]ber sensitivities whereas cambered, flat-plate airfoils seem to be insensitive to Mach
number.”

PERFORMANCE EVALUATION OF UNCONVENTIONAL AIRFOIL SHAPES

Overall airfoil performance changes with Reynolds number, especially the relatively poor
performance (in terms of lift-to-drag ratio,” minimum section drag,”® and maximum section
lift*°) up to Re. = O (10°), serves as the main motivation for (unconventional) airfoil optimization
in this regime. An example of the dramatic change in efficient airfoil shapes crossing this
“barrier” becomes clear in the overview presented in Figure 3, by Lissaman.'* It should be noted
that the dragonfly and pigeon wing airfoil profiles are used in highly unsteady “flapping-wing”
applications; their applicability to relatively steady “rotating-wing” operation is not necessarily
ensured.
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Figure 3. Various representative airfoil shapes versus Reynolds number.**

To identify future avenues for Mars rotor airfoil optimization research the following basic types
of airfoil are examined: a conventional airfoil, a tripped/rough airfoil, a cambered plate, and a
corrugated airfoil. Important factors in examining such airfoils are (a) airfoil sensitivity to
operating conditions (with regard to laminar-turbulent transition), (b) possible hysteresis
behavior with operating condition, and (c) relative technology readiness level of
(unconventional) airfoil geometries and clear understanding of their aerodynamic behavior and
analytic predictability.

Conventional Airfoil

A conventional airfoil is presumed to be relatively impractical for the transition region between
subcritical and supercritical flow states. This “transition region” between the two flow states is
difficult to analyze and reliably predict'® because of a number of factors including the possible
contribution of external influences such as free-stream turbulence (FST) levels, vibrations, and
surface roughness on boundary layer transition.”*** Another factor is possible flow hysteresis
(thought to stem mostly from highly unstable laminar separation bubble behavior with changing
angle of attack).’® Finally, unsteady laminar separation bubble features or transient boundary
layer transition behavior, in turn, can give rise to unpredictable rotary-wing flight dynamics.” If
the airfoils are operating only in subcritical mode, it is possible that cambered-plate airfoils can
attain higher performance than conventional low-Reynolds-number airfoils, such as the Eppler
193, as shown in Figure 3.” The Jet Propulsion Laboratory (JPL) Mars Helicopter (MH) rotor
airfoils are likely to operate fully subcritical in hover.*® Previous work also indicates the
competitiveness of cambered plates versus airfoils for rotor performance of the JPL Mars
Helicopter technology demonstrator (MHTD).

Tripped Airfoil

Conventional airfoils with a trip device (or an entirely “rough-surfaced” airfoil) can have lower
Reynolds number sensitivity because of forcing or “fixing” transition.” The forcing of transition
allows relatively good performance down to lower Reynolds numbers compared to smooth
conventional airfoils.!” However, ensuring a trip is functional—and, thereby, forcing transition—
at very low Reynolds numbers is troublesome, and may be impossible below Re. = 30,000. If
transition cannot be guaranteed for the complete operational domain, the applicability of airfoil
trips for rotary-wing application is unlikely because of the resulting unpredictable rotor
performance and flight dynamic characteristics.



Cambered Plate

In contrast to a conventional airfoil, a cambered plate (also known as a circular-arc airfoil) is
shown to be almost Reynolds number insensitive because of the resulting small, fixed leading-
edge separation bubble that forms for all but a small (near zero) angle-of-attack range. The
leading-edge flow separation will fix the separation bubble location and effectively limit
Reynolds number sensitivity. This, in turn, reduces the possibility of hysteresis in lift, drag, and
pitching moment as a function of angle of attack. It also reduces airfoil performance sensitivity
to FST and other transient effects stemming from free-stream velocity variation and rotor blade
pitching and flapping motion.

Prior research found that the cambered plate in this regime potentially outperforms conventional
airfoils (in terms of minimum drag, maximum lift-to-drag ratio, and possibly maximum lift

coefficient)”*1#14 11819yt the geometry variation for cambered plates in references is
|imited 7,12,14,15,20,21

Schmitz* lists the “advantageous cooperation of tangential incident flow at the leading edge at
large angles of attack with the turbulence effect of the small nose radius”, “the strongly concave
underside, which shares significantly in the lift generation”, “and the comparatively small
camber of the airfoils top side, causing the flow to remain largely attached” as main reasons for
the competitive performance of the cambered plate at these Reynolds numbers.

Corrugated Airfoil

The performance of a corrugated airfoil is potentially Reynolds number independent because of
forcing fixed location(s) of separation. With the same reasoning applied to flat-plate airfoils,
sensitivity to FST and other operating conditions is expected to be low. Research currently
available for steady operation of corrugated airfoils is limited. Performance is likely to only be
competitive at the lower end of the Reynolds number range under investigation, Re. = 1,000.%%
It is also speculated that rotor blades incorporating corrugated airfoils might provide needed
structural bending-moment and torsional stiffness (compared to the cambered-plate airfoils) in
the inboard rotor region, where very low Reynolds numbers occur. Levy and Seifert investigated
dragonfly airfoils, both using computational fluid dynamics (CFD) and experiments in steady
free-strea;rzn flow, and found relatively promising performance figures in the range of Re. = 2,000
to 8,000.

The applicability of these various airfoil types in the Reynolds number range under consideration
is assessed based on various published sources in the literature and summarized in Figure 4.
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Figure 4. Performance of various airfoil shapes versus Reynolds number,"1215.2425



Thickness Variation

The effect of a thickness distribution on the cambered plate and discontinuous type airfoils
should be investigated. This could yield a higher structural bending-moment and torsional
stiffness for a set of geometries that are inherently weak in that respect. Thickness distribution
for the discontinuous or corrugated airfoils opens up a new domain—a family of polygonal
airfoils. These can include triangular or diamond shape airfoils. Munday et al.* investigated a
triangular airfoil in low-Reynolds-number compressible flow.

Table 1 provides an overview of the airfoil geometries and discusses their applicability in the
current low-Reynolds-number regime.

Table 1. Overview of candidate airfoil shapes evaluated for Re. = O (10%-10%).

Airfoil Re and FST Hysteresis Demonstrated

Geometry Sensitivity With Condition Concept Comments

Conventional Large Hysteresis If outside of critical Can work reliably if

airfoll sensitivity possible Reynolds number Reynolds number is too

— possible (laminar region; used for low for boundary layer
separation small unmanned transition throughout

bubble induced)

aerial vehicles
(UAVS)

operational regime like
for the MHTD

Tripped airfoil,  If transition is Hysteresis Difficult to ensure Transition needs to
rough airfoil fixed, sensitivity possible if trip works below be guaranteed for all
——— is minimized bubble occurs Re = 30,000; conditions otherwise
before trip uncertain at higher unpredictable flight
Re < 100,000 dynamics can ensue
Cambered Leading-edge  Hysteresis less Used for small Possible stiffness
plate, separation of likely because UAVs or manned issues due to low
curved plate large angle-of-  of majority of aerial vehicles thickness/chord ratio
— attack range operating (MAVS) (t/c)
reduces conditions with
sensitivity leading-edge
separation
Corrugated Separation at Hysteresis less No rotary-wing Performance only
airfoil corrugation likely because experiments using competitive at lower
—_ features likely  of separation corrugated airfoils Re < 10,000
AN .
to reduce at corrugation known
sensitivity features
Polygonal Separation at Hysteresis less No rotary-wing Possible mediation of
airfoil corrugation likely because experiments using stiffness issues due to
_ features likely  of separation polygonal airfoils increased t/c compared
- to reduce at corrugation known to corrugated airfoil

sensitivity

features




SHAPE OPTIMIZATION EFFORTS

Figure 4 shows that the geometry of the cambered-plate-type airfoil seems to be a logical avenue
for further research, as its optimal aerodynamic performance is roughly at the expected rotor
chord-based Reynolds number range for Mars rotor applications. The geometry variation for
cambered plates in literature is limited,”*2***2°2L implying cambered-plate airfoil performance
optimization for plates (wherein nonlinear camber lines, chordwise plate thickness distributions,
and even local corrugation features can be examined) could yield performance improvements
over the “simple cambered plate” often presented in literature. The Reynolds number influence
on optimal shape and high Mach/compressibility effects on optimal performance (for desired
cruise speeds) can be subsequently evaluated.

Airfoil geometry optimization can, unfortunately, produce a solution space with various local
extremes, making gradient-based optimization techniques less applicable because of the
criticality of finding an appropriate starting location. Alternatively, a genetic algorithm for airfoil
optimization allows for a potentially more robust exploration of the solution space for a wide
variety of airfoil shapes, providing greater insight into the aerodynamic performance of various
airfoil shapes.

A custom airfoil design genetic algorithm has been written in Python and is able to optimize
airfoil shapes using a preset number of design variables. The algorithm performs OVERFLOW
grid generation and case execution, variation of airfoil geometry within set constraints, and post
processing of OVERFLOW output. The algorithm has been demonstrated on the NASA Ames
Pleiades supercomputer, and can queue run cases on different nodes and central processing units
(CPUs) depending on the population size being evaluated. Currently the algorithm is operating as
a single-objective optimization (SOO) at fixed alpha or lift coefficient. The optimized airfoils
can be used to generate airfoil C81 input decks to evaluate rotor performance using
comprehensive rotorcraft analyses as done previously for the JPL MHTD development effort.?’

Future enhancement of the genetic algorithm airfoil optimization will include the ability to
perform multi-objective optimization (MOO), evaluation of rotor blade thickness/stiffness
spanwise distributions, and ultimately, coupling to the Comprehensive Analytical Model of
Rotorcraft Aerodynamics and Dynamics (CAMRAD) comprehensive rotor analysis software
tool.

The progress is aimed at increasing the understanding of low-Reynolds-number airfoil
performance and developing airfoils tailored to the unique demands of second generation Mars
rotorcraft, i.e. the MSH.

Care must be taken in airfoil selection; direct consequences on various rotor design parameters
such as blade stiffness and structural frequencies, blade chordwise center-of-gravity placement,
and possible aeroelastic effects such as blade flutter or “live twist” must be considered.
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